Background. Primary hyperoxaluria type 2 (PH2) is a rare monogenic disorder characterized by an elevated urinary excretion of oxalate. Increased oxalate excretion in PH2 patients can cause nephrolithiasis and nephrocalcinosis, and can, in some cases, result in renal failure and systemic oxalate deposition. The disease is due to a deficiency of glyoxylate reductase/ hydroxypyruvate reductase (GRHPR) activity. A definitive diagnosis of PH2 is currently made by the analysis of GR activity in a liver biopsy. GRHPR is expressed in virtually every tissue in the body, suggesting that utilization of more readily available cells could be used to determine GRHPR deficiency. In this study, we have evaluated the potential of determining GR and D-glycerate dehydrogenase (DGDH) activity in blood mononuclear cells (BMC) as a diagnostic indicator of PH2. Methods. Blood samples were obtained from 10 male and 10 female normal subjects, median age 31, range 21-63, at the Wake Forest University Medical Center and from primary hyperoxaluria patients at the Mayo Clinic. The BMC were isolated and GR and DGDH activities measured in cell lysates.
Introduction
Primary hyperoxaluria type 2 (PH2) is a rare monogenic disorder characterized by an elevated urinary excretion of oxalate and, in nearly all cases, L-glycerate [1] . Increased oxalate excretion in PH2 patients can cause nephrolithiasis and nephrocalcinosis, and can, in some cases, result in renal failure and systemic oxalate deposition. The disease is due to a deficiency of glyoxylate reductase/hydroxypyruvate reductase (GRHPR) (EC 1.1.1.79) activity, an enzyme that has glyoxylate reductase (GR), hydroxypyruvate reductase (HPR) and D-glycerate dehydrogenase (DGDH) activities [2, 3] . Several mutations have been identified in the GRHPR gene in affected individuals, confirming the genetic origin of the disease [4, 5] .
Methods for establishing the diagnosis of PH2 include urine oxalate and L-glycerate measurements, DNA screening for mutations of the GRHPR gene and liver biopsy for the measurement of enzymatic activity. Since urinary L-glycerate excretion can occasionally be normal in PH2 [6] , DNA screening of the most common mutation of the GRHPR gene currently detects only 33% of patients with PH2 [7] , and liver enzyme measurement requires invasive testing, additional diagnostic approaches are needed.
GRHPR is expressed in virtually every tissue in the body [2] , suggesting that utilization of more readily available cells could be used to determine GRHPR deficiency.
The original description of the biochemical basis for the disease by Williams and Smith [3] was based on the DGDH activity in leucocytes. In this study, we have evaluated the potential of measuring GR and DGDH activities in blood mononuclear cells (BMC), as a diagnostic indicator of PH2. We have determined the reproducibility of the assay, the variability of this parameter in isolates obtained on different days, and have established a normal range in adults. We have verified the utility of the assay by showing an absence of activity in patients with PH2, but not in those with PH1.
Materials and methods
Samples were obtained from 10 male and 10 female normal subjects, median age 31, range 21-63, at the Wake Forest University Medical Center and from four patients with PH1 and three patients with PH2 at the Mayo Clinic. The PH1 patients and one PH2 patient were diagnosed by a liver biopsy. One PH2 patient was diagnosed by elevated urinary and L-glycerate excretions, and the third PH2 patient was a sibling of a PH2 patient and had elevated urinary oxalate.
This study was approved by the Institutional Review Boards of each institution and the subjects signed an informed, written consent. The BD vacutainer sodium citrate CPT cell preparation tubes (Becton Dickinson & Company, NJ) were used for separation of mononuclear cells from 8 ml whole blood in a single centrifugation step. The BMC recovered were washed three times in phosphate buffered saline (PBS), pH 7.4, to reduce contamination from platelets and remove traces of plasma and sodium citrate. The BMC pellets were stored at À70 C until analysis. Storage of samples for up to 3 months at À70 C did not show any loss of enzyme activity. Samples obtained at the Mayo Clinic were shipped to Wake Forest on dry ice.
The BMC lysates were prepared by incubating pellets with 10 volumes of hypotonic detergent lysis buffer (25 mmol/l HEPES, pH 7.0, 0.1% Triton X-100) for 20 min on ice. Lactate dehydrogenase (LDH) activity was measured spectrophotometrically for 5 min at 37 C by following the formation of NADH at 340 nm in an assay mixture containing 100 mmol/l Tris-HCl (pH 9.0), 2 mmol/l NAD þ and 20 mmol/l lithium lactate. The GR activity was measured spectrophotometrically for 5 min at 37 C using assay conditions modified from Giafi and Rumsby [8] (50 mmol/l HEPES, pH 7.1, 0.2 mmol/l NADPH, 100 mmol/l KCl, 6 mmol/l glyoxylate). The DGDH activity was measured by the conversion of 20 mmol/l D-glycerate to hydroxypyruvate in 10 min at 37 C in an incubation mixture containing 20 mmol/l Tris-HCl, pH 8.5, and 1 mmol/l NADP þ . The reaction was stopped with ice cold 1M perchloric acid. The assay mixture was incubated in the dark for 15 min with 1 mmol/l phenylhydrazine, and the phenylhydrazones formed were immediately measured in the supernatant by reversedphase HPLC, as previously described [9] . A Coomassie Plus protein assay kit (Pierce, Rockford, IL), with bovine serum albumin as the standard, was used to determine protein concentrations in BMC lysates.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of BMC lysates was performed with a Bio-Rad Ready Gel System (Bio-Rad Laboratories, Hercules, CA) under reducing conditions using a 6% stacking gel and a 12% resolving gel of acrylamide. After electrophoresis, samples were electroblotted from 12% (w/v) acrylamide gels onto Hybond-C nitrocellulose membranes (Amersham Biosciences, Piscataway, NJ). Membranes were incubated for 1 h in 5% (w/v) non-fat dried milk dissolved in PBS, pH 7.4, containing 1% (v/v) Tween-20, followed by incubation for 1.5 h at room temperature with affinity-purified rabbit polyclonal antibodies to human recombinant GRHPR [1 mg/ml]. The membrane was then washed and incubated for 1 h at room temperature with peroxidase-conjugated goat anti-rabbit immunoglobulin G (0.2 mg/ml) (Dako Corporation, Carpenteria, CA). The GRHPR was visualized by using enhanced chemiluminescence (Amersham Biosciences).
Results are expressed as mean±SD.
Results
The mean protein yield of BMC recovered from 8 ml whole blood was 152±66 mg, range 67-285 mg. The lactate dehydrogenase (LDH) and DGDH activities were linear between 0.5-5 mg and 1-12 mg protein, respectively. In contrast, the GR assay required a minimum of 20 mg protein to achieve a GR activity three SD greater than the blank rate. The GR activity was linear up to 200 mg protein, which was the highest protein concentration tested. The minimal detectable activity for DGDH and GR was 0.02 and 0.7 nmol/min/mg protein, respectively. The intra-assay coefficients of variation (CV) for the measurement of DGDH and GR activities in BMC were determined by assaying activities in six BMC preparations isolated from six separate CPT tubes of blood obtained from one individual in a single blood draw. The CVs were 8.2 and 11.5%, respectively. The CVs of DGDH and GR activities in BMC isolated from whole blood taken from the same individual on six different days were 19 and 20%, respectively. These higher CVs of DGDH and GR activities may be due to actual differences in BMC composition or other factors. Table 1 shows the enzyme activities of BMC separated from 8 ml whole blood of normal subjects and primary hyperoxaluria patients. The BMC lysates from normal adult subjects and patients with PH1 showed similar GR and DGDH activities. This was confirmed by the presence of immunoreactive GRHPR protein by western blot analysis (Figure 1 ). In contrast, PH2 BMC samples did not exhibit DGDH or GR activity, and showed no immunoreactive GRHPR by western blot analysis (Figure 1) .
The effect of storage of whole blood for 24 h in heparinized blood tubes on BMC DGDH activity was assessed. Blood was collected from four individuals and stored in an ice box containing ice blocks for 24 h. Care was taken not to have any ice blocks in direct GR activity in blood mononuclear cells 2293 contact with the blood tubes as this leads to haemolysis. There was no loss of DGDH activity after storage of whole blood for 24 h in an ice box, although total BMC protein yield decreased 10-30%. These results suggest that whole blood from patients suspected of having PH2 could be sent within 24 h to facilities that can carry out BMC separation from whole blood. However, effects of shipping are possible and are yet to be determined. LDH has been reported to have significant GR activity when NADH is used as a cofactor [10] [11] [12] . Its contribution under the assay conditions described here, which uses NADPH, the preferred cofactor for GRHPR [11] , was assessed using purified beef heart LDH (Sigma-Aldrich, St Louis, MO). The GR activity of purified beef heart LDH was found to be only 0.08% of its total LDH activity. This would indicate that less than 10% of total GR activity in BMC could be attributable to LDH activity (Table 1 ). This data is in keeping with a recent report by Mdluli and coworkers [11] who showed purified recombinant human LDH not to have significant GR activity when utilizing NADPH as the cofactor. Purified beef heart LDH lacked DGDH activity, when utilizing NADP þ as a cofactor.
Discussion
Our results confirm that BMC contain readily detectable GRHPR activity. We have established a normal range of GR and DGDH activities in BMC, 10.6±3.3 and 0.97±0.20 nmol/min/mg protein, respectively, and verified the utility of the assay by showing an absence of activity in patients with PH2, but not in those with PH1.
Our results are in keeping with the previous findings of Williams and Smith [3] and Chalmers et al. [13] , who demonstrated that leucocyte homogenates from four PH2 patients and two PH2 patients, respectively, were deficient in DGDH activity. In their studies, DGDH activity was measured spectrophotofluorometrically and required large amounts of protein (0.5-1 mg). In contrast, the methods described here for measurement of DGDH activity require low microgram amounts of protein, which would equate to significantly less whole blood (only a few millilitres) needed for enzymatic analysis. Furthermore, BMC can now be isolated in a single centrifugal step with the new sodium citrate CPT cell preparation tubes introduced by Becton Dickinson & Company. The leucocyte DGDH activities reported by Williams and Smith [3] (mean activity 18.2, with a range of 12.2-24.3 nmol/mg protein/h, at room temperature) and Chalmers et al. [13] (41±9 nmol/mg protein/h at 37 C) for normal control subjects are in reasonable agreement with the results presented here.
The GR activities reported by Giafi and Rumsby [8] in lymphocytes from normal adults (mean activity 10 nmol/min/mg protein) show good agreement with our data. Furthermore, they showed a lack of GR activity in leucocytes from two PH2 patients, which is in keeping with the results presented here.
A recent publication reported the detection of a leucocyte cDNA from PH2 patients with sequence similarity to wild-type GRHPR, despite only mutant GRHPR in genomic DNA or liver cDNA from the same individuals [14] . Although the existence of this transcript is of interest, it may be premature to preclude BMC GRHPR enzymatic analysis as a diagnostic measure based on the data they presented for the following reasons. Firstly, no data were presented to show that this transcript in leucocytes had enzymatic activity. Secondly, sequence data was presented only for regions of exons 6 and 7. The sequence information of the rest of the cDNA has not been reported. Thirdly, other studies have shown that leucocytes from PH2 patients lack GRHPR activity [3, 8, 13] . Fig. 1 . Western blot analysis of blood mononuclear cell lysates (5 mg total protein) using affinity-purified rabbit polyclonal antibodies to GRHPR, shown in top panel. A monoclonal mouse antibody to human a-actin shows protein loading in bottom panel. Lane 1, purified recombinant human GRHPR protein; 2, PH1; 3, PH1; 4, PH2; 5, PH2; 6, BMC from normal adult subject; 7, PH2. All samples were run on the same gel and blotted to the same membrane. Table 1 . Enzyme activities of blood mononuclear cell lysates isolated from 8 ml whole blood of normal adult subjects and primary hyperoxaluria (PH) patients. Fourthly, their data suggests that the transcript may be a transcribed pseudogene, which, by definition, is non-functional. The functional significance of GR and HPR activities in BMC is not clear. A possible hypothesis is that these cells produce glyoxylate in the course of their normal metabolism and that GRHPR activity acts to convert this glyoxylate to glycolate and limit oxalate production. However, to date, neither dysfunctional metabolism nor oxalate accrual has been reported in BMC of individuals with PH2.
Currently, a definitive diagnosis of PH2 is made by measurement of GR activity in a liver biopsy [8] . Although liver biopsy is generally regarded as a safe procedure, complications including mortality have been reported. The rate of complications requiring hospitalization is around 4%, and the rate of mortality is between 0.0088 and 0.3% [15] . The measurement of either GR or DGDH activity in BMC could potentially be used as a minimally invasive diagnostic test for PH2, although measuring DGDH activity may be preferable because of the lower requirement for BMC protein.
